In recent years, inflammation has become implicated as a major pathogenic factor in the onset and progression of Parkinson's disease. Understanding the precise role for inflammation in PD will likely lead to understanding of how sporadic disease arises. In vivo evidence for inflammation in PD includes microglial activation, increased expression of inflammatory genes in the periphery and in the central nervous system (CNS), infiltration of peripheral immune cells into the CNS, and altered composition and phenotype of peripheral immune cells. These findings are recapitulated in various animal models of PD and are reviewed herein. Furthermore, we examine the potential relevance of PD-linked genetic mutations to altered immune function and the extent to which environmental exposures that recapitulate these phenotypes, which may lead to sporadic PD through similar mechanisms. Given the implications of immune system involvement on disease progression, we conclude by reviewing the evidence supporting the potential efficacy of immunomodulatory therapies in PD prevention or treatment. There is a clear need for additional research to clarify the role of immunity and inflammation in this chronic, neurodegenerative disease.
Introduction
A great need exists in the PD field for disease-modifying therapies, for better comprehension of disease pathogenesis, and for identification of relevant biomarkers [1] . In recent years, inflammation has been implicated as an important mediator of disease pathogenesis. Clarifying the role of inflammation in PD will better enable investigators to address the field's needs. Functional profiling of peripheral immune cells could provide important disease biomarkers while immunomodulatory therapeutics may be able to delay or attenuate disease [2] . Even though the vast majority of research in PD has focused on neuronal and glial dysfunction, this review focuses on synthesizing evidence for the role of inflammation and adaptive immunity in promoting disease susceptibility and progression.
Parkinson's Disease
Clinical diagnosis of PD is established through physical examination and rating of motor symptoms including bradykinesia, resting tremor, and muscle rigidity but it is now recognized that REM-behavior disorder, constipation, depression, and anosmia precede manifestation of motor symptoms by years to decades [3] . Hereditary forms of PD, caused by specific gene mutations, only comprise 5-10% of PD cases [4] . These genetic forms of PD typically have an earlier age of onset and provide insight into the potential role of ubiquitously expressed proteins in neuronal and immune dysfunction in sporadic PD [5] . Other non-motor symptoms develop later in disease progression such as psychosis, autonomic dysfunction, and cognitive abnormalities [4, 6] . The progressive, multi-system pattern of PD symptomatology is consistent with a prominent role for a chronic inflammatory process. PD pathology is characterized by chronic neuroinflammation, Lewy body inclusions, and loss of dopamine-producing (DA) neurons in the substantia nigra parts compacta (SNpc) of the midbrain [4, 6] . The Braak hypothesis (Fig 1) proposes a PD-specific pattern for progression of Lewy body pathology, intraneuronal aggregate of various proteins, including α-synuclein, tau, and ubiquitin. Lewy bodies are hypothesized to initially form in the olfactory bulb or the gastrointestinal tract (areas that are constantly exposed to the environment). As disease progresses, it is thought that pathological hallmarks then appear in the vagus or olfactory nerve and subsequently in the brainstem. When patients present clinically with motor symptoms, over 70% of DA neurons in the SNpc have died and significant Lewy body pathology as well as inflammation is present in that region. In final stages of the disease, pathology also occurs in the forebrain and cortical regions. An attractive feature of this hypothesis is that it may explain the presence and timing of nonmotor and motor symptoms, as well as the multi-systemic nature of the disease that could me mediated in part by the spread of inflammation. Efforts to use non-motor symptombased screening to identify people "at-risk" for PD are underway and will be important in clarifying underlying pathological mechanisms [7] .
Etiology of Sporadic Parkinson's Disease
The etiology of sporadic PD is undetermined because significant loss of DA neurons (∼70%) has already occurred by the time of clinical presentation [8] . Nevertheless, it is generally accepted that both genetic and environmental factors contribute. Multiple genetic polymorphisms have been associated with sporadic PD through genome-wide association studies (GWAS) ( Table 1 ) [9] . The results of these GWAS identify specific genetic loci that contribute to disease susceptibility. Such loci include genes for α-synuclein, glucocerebrosidase, and tau. Thus, genetic background combined with specific environmental exposures could promote the manifestation of the pathologic process underlying PD.
Environmental exposures also modify the risk for PD. Indeed, the identification of 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was critical in recognizing the loss of these neurons as the cause of motor symptoms in disease [10, 11] . Upon absorption into the bloodstream, the highly lipophilic MPTP molecule quickly enters the CNS, where it is metabolized by monoamine oxidase-B into 1-methyl-4-phenylpridinium (MPP+). MPP+ inhibits cellular respiration by direct inhibition of the mitochondrial transport chain leading to neuronal injury and death [12] . Unlike MPTP, the mechanisms through which other environmental exposures modulate risk of PD are unclear. PD risk is increased by pesticide/ organophosphate exposure and head trauma while it is decreased by moderate amounts of cigarette use and caffeine consumption [13] [14] [15] . Positive associations of PD with influenza, toxoplasmosis, and autoimmunity have been reported while non-steroidal anti-inflammatory drugs decrease risk for PD [16] [17] [18] [19] [20] [21] [22] [23] [24] . Genetic factors, as well as environmental factors clearly contribute to the development of PD; however, neither is believed to be independently sufficient to cause sporadic disease. Thus, it is generally accepted that the complex interplay between genetic and environmental factors predisposes people to the development of sporadic PD.
The immune system is in constant dialogue with our environment, tolerating certain exposures or antigens while responding to others. Dysregulated immune responses lead to disease. An inadequate response to an infection leads to bacteremia while hyper-reactivity to a harmless antigen can cause allergy. The innate immune system plays a key role in initiating inflammation in response to conserved antigen or cell death signals such as bacterial flagella, single-stranded viral DNA, or release of inflammatory cytokines from injured cells. The activated innate immune system will then induce an adaptive immune response, which are specific, targeted, and highly potent against the antigens present in the milieu of the inflamed region. Since adaptive immune cells can promote both antiinflammatory and pro-inflammatory reactions in response to specific antigens, they are uniquely suited to modulate inflammation in the context of certain environmental exposures and neuronal dysfunction [25, 26] . In addition, complex immunoregulatory processes that require intricate crosstalk between the adaptive and innate immune system occur at mucosal surfaces that are constantly exposed to antigens [27] . Interestingly, the Braak hypothesis suggests that these mucosal sites (nasal and intestinal mucosa) may be where PD pathology is initiated. Thus, the immune system is poised to determine the body's response to various environmental exposures in predisposing to or protecting against PD. Furthermore, since PD is a multi-system progressive disease, the immune system could play a role in propagating neuronal dysfunction and pathology within the central nervous system (CNS). Nevertheless, contextualizing the role of the immune system will be difficult given contributions from genetic background, neuronal dysfunction, environmental exposure, and immunologic memory. A survey of our knowledge of the role of the immune system in PD is presented below.
Evidence for Inflammation and Innate Immunity in PD
The interplay between inflammation and neuronal dysfunction is complex. Neuronal death can induce inflammation by releasing apoptotic and necrotic cellular factors that are recognized by innate immune cells. The activation of innate immune cells by these general factors could then induce an adaptive immune response that would lead to specific and selective patterns of neuronal injury. Conversely, inflammation can induce neuronal death through the production of neurotoxic cytokines or direct neuronal injury. Many mechanisms of neuronal dysfunction have been implicated in PD pathogenesis, including proteasomemediated protein degradation, mitochondrial dysfunction, and oxidative stress [28] . Inflammation-mediated neuronal dysfunction has also been well established. Specifically in PD, midbrain DA neurons are very sensitive to cytokines such as TNF-α and IFNγ [29] [30] [31] [32] . Microglia, CNS-resident innate immune cells, densely populate the SN, and therefore could contribute to the enhanced sensitivity of this region to inflammatory stimuli [33] . The bacterial endotoxin, lipopolysaccharide (LPS), directly activates TLR4 receptors on microglia (and other innate immune cells) to initiate an inflammatory response. Within a week after direct LPS injection into the SN of mice, significant decreases in dopamine and dopamine metabolite levels (>60%) in the striatum and in tyrosine hydroxylase immunostain-positive (TH+) neuron number in the SN are detectable. These changes are detectable even a year after the injection [34, 35] . Chronic infusion of a low dose of LPS into the rat SN leads to peak microglial activation in two weeks followed by delayed and selective loss of DA neurons. Studies in vitro with neuron-enriched versus mixed neuron/ glia cultures suggested this was due to microglial-specific activation because dopaminergic neurons do not express TLR4 [36] .
Abundant evidence in humans also demonstrates a role for chronic inflammation and innate immune activation in PD. Increased levels of cytokines (including IL-1β, TGF-β, IFNγ, and IL-6) as measured post-mortem were found in the CSF and nigrostriatal regions of individuals with PD relative to age-matched healthy controls [31, [37] [38] [39] . Furthermore, proteins of the complement system, a serum-mediated mechanism designed to clear antibody and various immune targets, are found in extraneuronal Lewy bodies postmortem. This finding suggests that innate immune activation occurred in association with or in response to Lewy body formation [40] . Serum levels of TNFα are elevated in PD patients and the serum levels of IL-6 correlate with Hoehn and Yahr staging [41] . Taken together, this evidence indicates that an active inflammatory process with definite innate immune involvement is ongoing in the CNS of PD patients.
Until we can identify people with PD earlier in the course of the disease, we will be unable to definitely establish whether innate immune activation is an etiologic or resultant process in the pathophysiology of disease. However, inflammation and innate immunity are also known to play an important role in various animal models of PD. In these models, it is often present before detectable neuronal dysfunction or death occurs. In the MPTP mouse model, activation of microglia, increased endothelial expression of adhesion molecules, and infiltration of T lymphocytes can be dampened by dexamethasone treatment. Dexamethasone is a potent corticosteroid that globally suppresses immune responses. The anti-inflammatory effects of dexamethasone in the MPTP mouse model protect against DA neuron loss [42, 43] . The MPTP model does not display significant blood brain barrier (BBB) disruption and thus, may not completely reflect the disease process in that respect [42] . People with PD have significant BBB dysfunction, which is discussed below. The use of anti-inflammatory drugs in neurotoxin animal models such as MPTP and 6-hydroxydopamine (6-OHDA) also attenuates DA neuron loss [44] . The direct LPS intranigral injection model is useful in understanding how direct engagement of receptors on innate immune cells can initiate a neurotoxic inflammatory response. On the other hand, direct toxin models may better reflect how neuronal death induces inflammation, which then propagates further neuronal injury [34] . Viral overexpression of human α-synuclein in the mouse SN induces inflammation and microglial activation that is followed months later by progressive death of TH+ neurons [45] . Innate immune activation is also observed in various transgenic mouse models of α-synuclein overexpression. In a mouse model, expression of wild-type α-synuclein under the direction of the Thy1 promoter resulted in microglial activation and TNFα expression in the striatum at 1 month of age and progression to the SN at 5-6 months of age [46] . These changes can persist up to 14 months of age. Other various models of transgenic mutant and wild type α-synuclein overexpression also display chronic microgliosis [47] [48] [49] [50] . In summary, direct neurotoxin models (MPTP, 6-OHDA) typically involve necrosis of DA neurons that initiate an inflammatory response through innate immune activation, whereas in LPS and α-synuclein over-expression models, an initial inflammatory reaction precipitates neuronal dysfunction and death. It is unclear which of these two pathogenic processes predominates in PD since we are only able to detect human disease at late stages. Investigation of inflammation in the context of multiple animal models remains extremely important because they allow investigators to clarify the interactions between neuronal dysfunction, innate immune activation, and inflammation.
Inflammation can also alter the permeability of the BBB allowing increased flux of inflammatory factors and immune cells from the periphery. Innate immune activation leads to release of proinflammatory factors that mediate this increased BBB permeability. Adaptive immune cells normally survey the CNS. Increased BBB permeability could allow for increased influx of peripheral adaptive immune cells which could then be activated by inflamed microglia as they are the primary innate immune cell of the CNS. These adaptive immune cells are activated in response to specific antigens and would be able to promote inflammation in other CNS regions that contain these same antigens. This inflammatory response could induce neuronal injury (if not already present) that in turn could propagate a positive-feedback cycle of neuronal injury and inflammation in the development of PD [32] . Thus, increased BBB permeability could be a catalytic factor in the development of PD.
In vivo evidence for increased blood brain permeability has been revealed through PET measurement of ligand uptake by the molecular efflux pump, P-glycoprotein, and increased albumin in the CSF of PD patients [51, 52] . Possible mechanisms for this BBB leakiness include cerebral capillary basement membrane thickening and collagen accumulation [53] . Increased proliferation of blood vessels or endothelial cells also occurs in PD [54] . Upregulation of ICAM-1, an important adhesion molecule for immune cell diapedesis, has been reported on blood vessels near the SN in postmortem brain tissue from PD patients. Endothelial upregulation of ICAM-1 is also present in MPTP-induced rodent and nonhuman primate PD models [55, 56] . Inflammatory responses that promote BBB leakiness may promote an efflux of antigen from the CNS to lymphoid tissues where adaptive immunity can be engaged. An activated endothelium and BBB could also permit greater influx of peripheral immune cells that further propagate inflammation. Understanding the process of how innate immune cells present neuronal antigens to adaptive immune cells and then how these adaptive immune cells are recruited to the CNS in PD will be important for developing a coherent model of disease pathogenesis. Understanding the role of inflammation in this disease will aid development of therapeutic approaches to promote neuroprotective immune responses.
Overall, it is clear that DA neurons are especially susceptible to damage from inflammatory stimuli. Furthermore, inflammation is a key pathogenic process in models of PD that often precedes detectable neuronal injury and degeneration. It will be difficult in humans to determine whether inflammation precedes neuronal injury until earlier diagnosis or biomarkers are established. Nevertheless, the brains of PD patients display chronic neuroinflammation that could be targeted to modify disease progression. The selective loss of certain neuronal populations while others are spared could point to a role for adaptive immunity in mediating this inflammatory process.
Engagement of Adaptive Immunity: Microglial Activation and MHC in PD
Some of the earliest evidence for inflammation in PD is from identification of chronic microglial activation in post-mortem brains. Microglia are CNS-resident immune cells that play an important role in neurologic development and maintenance. They are critical for recruitment of peripheral immune cells through secretion of chemokines and thus, amplify inflammatory signals in the CNS. These inflammatory signals could originate from neuronal dysfunction or external insults (trauma, toxicants, etc.). Microglia respond to numerous signals such as bacterial and viral products, α-synuclein, complement, antibodies, and cytokines [57] [58] [59] [60] . Neuronal death may trigger microglial activation through loss of inhibitory CD200:CD200R signaling, ligation of microglial receptors that recognize factors released during apoptosis, release of α-synuclein, and/or through binding of complement or antibodies bound to neurons [58, 59] . In response to these stimuli, microglia produce cytokines [59, 61, 62] , reactive oxygen species [63, 64] , prostanoids that have immunomodulatory functions [65] , and chemokines that recruit peripheral immune cells [66, 67] . Neuronal death can occur in response to cytokines such as TNFα, to ligation of death receptors such as Fas, and to toxicity of reactive oxygen species, as well as phagocytosis [59, 66] . Like other cells with antigen-presentation functions (B lymphocytes, macrophages, monocytes, dendritic cells), activated microglia will express Major Histocompability Class II (MHC-II) molecules that present endocytosed or lysosomal peptides to CD4 T lymphocytes (Fig 2) . MHC-II molecules are α/β heterodimers that require binding of a peptide approximately 8-10 amino acids in length to be stably expressed on the surface of activated antigen-presenting cells. In humans, MHC-II molecules include HLA-DR, HLA-DQ, and HLA-DP. The majority of these peptides are derived from the processing of endocytosed proteins or from the typical protein constituents of endolysosomes. MHC-II genes are commonly known for their use in tissue typing for organ donation. Recognition of a specific peptide:MHC-II complex by a cognate CD4+ T cell through its unique receptor will activate the T cell to allow it to perform its effector functions: proliferation, cytokine secretion, assisting antibody-secreting B cells to produce higher affinity antibodies through a process called hyperaffinity maturation, and allow for proper activation and maintenance of cytotoxic CD8 T cells [68] [69] [70] [71] . Presentation of antigens on MHC on the surface of activated microglia or other infiltrating innate immune cells is the key to engagement of adaptive immunity, which in turn can propagate the inflammatory process. MHC expression has been well-documented in PD.
Microglial expression of MHC-II molecules has been reported in states of chronic neuroinflammation, including neurodegenerative diseases. In the healthy CNS, microglial MHC-II expression is difficult to detect. In PD brains, HLA-DR immunostain-positive microglia are found throughout the nigrostriatal tract and other parts of the CNS, including the hippocampus, entorhinal cortex, and cingulated cortex [72] [73] [74] . In those individuals exposed to MPTP through the use of contaminated heroin, microgliosis is present even years after exposure [75] . Chronic microglial activation is also seen years after initial MPTP administration in primate models of PD irrespective of acute or chronic dosing [76] [77] [78] . Positive correlations between disease duration and the microglial/macrophage activation marker CD68 and between MHC-II expression and amount of α-synuclein deposition in the SN of post-mortem human brain sections have been reported [57] . These activated microglia are associated with damaged neurons and Lewy body pathology [74] . In vivo PET imaging of PD patients demonstrates that microglial activation is concentrated in the SN and also occurs throughout the diseased CNS. Microglial activation does not seem to progress over the course of two years, suggesting that it is sustained at a constant level during clinically detectable disease and likely plays a role early in disease [79] . PET studies have also correlated microglial activation in the human midbrain with increased motor score on the Unified Parkinson's Disease Rating Scale (UPDRS) [80] . Microglial activation is prevalent in PD and occurs early in the disease process, suggesting that inflammatory processes and microglial effector functions play a prominent role in promoting disease development. Microglial effector functions could engage adaptive immunity in the context of antigen presentation on MHC to amplify and propagate inflammation.
Particularly relevant for adaptive immunity, single nucleotide polymorphisms (SNPs) in the MHC-II locus have been associated with increased risk of developing PD. In particular, people homozygous for a risk-conferring SNP, r3129882, in the first intron of HLA-DRA have a 1.7 fold higher risk for PD than individuals homozygous for the non-risk conferring allele [81, 82] . Other SNPs in the MHC-II locus associated with PD have also been reported in the HLA-DRB1 and -DRB5 genes. Another study has shown an association with the HLA-DQB1*06 allele in a German cohort [83] [84] [85] [86] [87] . The up-regulation of MHC-II mRNA (HLA-DRA, HLA-DPA1, HLA-DQA1) and increased expression of HLA-DR on monocytes in cerebrospinal fluid (CSF) has been reported [88, 89] . Further study is needed to assess whether changes in MHC expression occurs in PD and in particular in association with the rs3129882 SNP. These associations between PD and the MHC-II locus suggest that certain antigens or patterns of MHC-II expression could promote the development of PD. The quality of the interaction between CD4 T cell receptors and peptide:MHC-II impacts CD4 T cell expansion and differentiation [69, 71] (Fig 3) . Thus, MHC-II expression could modulate the overall quality of the inflammatory response via activation of the adaptive immune system. Individuals with a certain MHC-II expression pattern or haplotype could propagate inflammation initiated by neuronal dysfunction or death more readily. Activation of the adaptive immune system by innate immune cells could allow for propagation of chronic inflammation in response to particular stimuli and antigens. Such a mechanism would promote or exacerbate PD progression. The evidence for involvement of T cells, B cells, and antibodies in promoting inflammation in PD is discussed below.
Certain antigens or environmental exposures could synergize with a person's MHCII genome to put them at risk for developing PD. In this manner, the immune system would be an etiologic factor. Peptides presented on MHCII would activate T cells to influence neuronal function through cytokine secretion, which may promote cytotoxicity. This idea is supported by the association between PD and autoimmune diseases, such as bullous pemphigoid, systemic lupus erythematosus, and Sjogren's syndrome [16, 17, 20, 22] . Gut inflammation is hypothesized to play a role in the development of sporadic PD. Overrepresentation of CARD15 mutations associated with Crohn's disease and Helicobacter pylori seropositivity before age 75 in people with sporadic PD supports this hypothesis [90, 91] . A GWAS identified polymorphism in the LRRK2 gene is associated with Crohn's disease. Mutations in this gene give rise to an autosomal dominant form of PD (see below). Given the extensive neuronal network of the GI tract, its constant interaction with the environment, and its extensive, unique immunological repertoire, the GI tract represents a potentially interesting site for initiation of PD pathogenesis because of the complex, continuous interplay between the innate and adaptive immune system through antigen presentation.
Immune responses to infections are also implicated in PD through association with influenza, toxoplasmosis, and Epstein-Barr Virus (EBV) [21, 23, 92] . Post-encephalitic parkinsonism after the 1918 Spanish Flu pandemic and a cross-reactive antibody between EBV and α-synuclein suggest that adaptive immune responses to certain viruses may predispose an individual to PD [21, 92] . Infection of mice with the A/VN/1203/04 strain of the H5N1 influenza virus demonstrated viral replication in the CNS, microglial activation and increased proinflammatory cytokine and chemokine expression lasting 90 days after viral clearance. A transient decrease in tyrosine hydroxylase (TH) expression in the SN was also observed [93] . This virus can also induce α-synuclein phosphorylation and aggregation [94] . Japanese Encephalitis Virus (JEV) has also induced a post-encephalitic parkinsonism with similar neuropathologic features and locomotor dysfunction as that seen in people with sporadic PD [95] . JEV infection in rats results in hypokinesia attributable to depletion of catecholamines in the CNS [96] . These studies provide provocative evidence that an adaptive immune response could induce PD-related neurologic dysfunction initiated solely by inflammation. MHC expression on stimulated innate immune cells would play a critical role in determining which antigens are presented to the adaptive immune system. Activated adaptive immune cells would then propagate the inflammatory reaction. The use of animal models of PD such as the human α-synuclein-expressing adenoassociated virus (AAV-Syn) model [45] that more directly engages adaptive immunity could help address the validity of these associations. Global loss of MHC-II in a mouse model is protective against neurodegeneration, microglial activation, and T cell infiltration when human α-synuclein is virally overexpressed in the SN. While this model lacks CD4 T cells and has impaired antibody production, it does provide interesting evidence for a role of CD4 T cells and MHC-II expression in PD pathogenesis [97] . Other neurotoxin models employing MPTP or 6-hydroxydopamine (6-OHDA) may be less likely to engage adaptive immune mechanisms because they are mainly driven by neuronal toxicity rather than a more direct inflammatory stimulus. Clarifying whether the immune system acts as an etiologic factor in PD or simply propagates inflammation initiated by neuronal dysfunction will be an important part of determining PD etiology and pathogenesis. Better understanding of the immune system's role will certainly have therapeutic implications.
Adaptive Immunity (I): T Lymphocytes in PD
Given evidence for homeostatic surveillance of the CNS by naïve and memory T cells, these lymphocytes could be involved in both initiating and propagating steps of PD pathogenesis [98, 99] . In both PD patients and animal models, infiltration of T cells into the SN has been demonstrated [55, 72, 73] . In conjunction with HLA-DR expression on microglia, T cell infiltration has been shown in post-mortem brain sections from PD patients. This evidence suggests potential direct interaction with antigen-presenting functions of microglia [72, 73] . Furthermore, levels of B2 microglobulin, a protein required for stability of MHC-I molecules, are increased in the striatum of PD patients [38] . MHC-I molecules activate CD8 T cells by presenting cytosolic peptides processed through the proteasome pathway ( Fig 2) . Unlike MHC-II, MHC-I molecules are ubiquitously expressed on all cells (including neurons) except erythrocytes. Upon engagement of peptide:MHCI, CD8 T cells can directly kill cells by engagement of death receptors via Fas or TNF-α or by direct lysis through release of granzymes and perforin. In addition to CD4 T cell-mediated toxicity, direct neuronal injury may be caused by CD8 T cells that are reactive against neuronal antigens presented on MHCI molecules [100] . Thus, T-cell mediated neurotoxcity may be driven by direct cell lysis, engagement of cell death receptors, and cytokine secretion through recognition of peptide:MHC molecules on innate immune cells.
To better understand if adaptive immune responses are altered in PD patients, a handful of studies have examined the composition of T-cell subsets in the peripheral blood. PD patients are reported to have decreased overall numbers of lymphocytes without a change in frequency [101, 102] . Compared to people with other neurologic diseases, individuals with PD have increased memory T cells but decreased naïve T cells [88] . Memory T cells respond faster and with greater magnitude than activated naïve T cells. A more activated, cytotoxic T cell response is suggested by decreased CD4:CD8 ratios and a shift to more IFNγ-versus IL-4-producing T cells in PD patients [101] [102] [103] . Within the CD4 T cell compartment, PD patients have an increase in CD45RO+ T cells, which represent an activated and/or memory T cell population [104] . CD45RO+ expression also positively correlates with UPDRS motor score. Naïve CD4 T cells have increased Fas expression, which may explain why their frequency is decreased [102] . Fas expression is normally upregulated after T-cell activation and ligation by FasL induces apoptosis. This process is used on T lymphocytes to maintain immune privilege or initiate contraction after an immune response [105] . Increased memory and activated CD4 T cells in conjunction with a relative increase in CD8 T cells could suggest an active inflammatory process. Conflicting reports of changes in relative frequencies of CD4+CD25+ T cells in peripheral blood exist but without further characterization of this subpopulation, the biological significance of this is unclear [101] [102] [103] 106] . CD25 is increased on activated or memory T cells, as well as regulatory T (T reg ) cells. One study that demonstrated that CD4+CD25+CD127-regulatory T cells from PD patients had less suppressive capacity compared to cells from healthy controls [104] . The relative number of effector to regulatory T cell responses is thought to regulate immune responses. Decreased effectiveness of regulatory T cells could promote a chronic neuroinflammatory state or allow for breaking of tolerance to neuronal antigens that would lead to abnormal immune responses against CNS proteins. Investigation of why these regulatory T cells have reduced suppressive capacity could also provide insight into PD pathogenesis and disease progression.
Despite information about changes in relative frequency of T cell subsets, little is known about the identity of CNS antigens to which activated and memory T cells in people with PD are responding. One study looked at whether specific T cell receptor genes are preferentially expressed in PD patients and reported that CD8 T cells have a lower frequency of Vβ8 expressing cells [107] . The use of deep sequencing techniques to identify patterns of T cell receptor usage in PD patients could provide evidence for response to specific antigens and help to identify those antigens. Identification of such patterns could also be a useful biomarker. T cell biomarkers have been investigated and some candidate proteins have been identified within these cells such as β-fibrinogen and transaldolase [108] . The pathogenic relevance of these changes is not yet understood.
Other overall pathogenic changes in peripheral blood lymphocytes from PD patients have been reported. Lymphocytes from PD patients display an increased incidence of micronuclei, single strand DNA breaks, and oxidized purine bases [109] . Interestingly, levodopa treatment seems to reduce this DNA damage in peripheral blood lymphocytes [110] . Markers of apoptosis, caspase-3, and Cu/Zn superoxide dismutase activity are increased in lymphocytes from people with PD [111] . This DNA damage and increased level of apoptosis could be representative of a systemic, pathogenic process involving oxidative stress, specific immune responses, and/or intrinsic, genetic factors. The use of animal models to assess the contribution of lymphocytes will inform us of how these in vivo human changes may contribute to disease etiology and progression.
The contribution of T cells to PD-like pathology in animal models has been assessed but mainly in direct toxin models. CD8 T cells are seen in greater amounts than CD4 T cells in the acute MPTP neurotoxin model. In this model, these lymphocytes have increased expression of LFA-1, an integrin that binds endothelial adhesion molecules, to allow for diapedesis across the BBB [42] . DA neuron loss and behavioral deficits caused by both chronic and acute MPTP administration are attenuated in RAG2 knockout mice that lack both T and B cells [55, 112] . Mice in which there is a global loss of αβ-T cells through knockout of the T cell receptor β-chain, as well as mice lacking CD4 T cells (CD4-/-) are also protected in the MPTP model [55] . The loss of CD8 T cells was not protective. Reconstitution of Rag1-/-mice with FasL-mutant splenocytes attenuated DA neuron cell death while reconstitution with IFNγ-/-splenocytes did not. These findings suggest that Fas-FasL interactions involving CD4 T cells play an important role in promoting MPTP-induced neurodegeneration. As discussed above, cytotoxic T cells use FasL to induce apoptosis in target cells but Fas receptor is also important in T cell homeostasis and contraction. Impaired FasL-Fas interactions result in unchecked T cell activation and proliferation. An extreme example manifests itself in autoimmune lymphoproliferative syndrome caused by unchecked T cell proliferation [113] . Dysregulation of this pathway may also leave chronically activated macrophages or microglia unchecked allowing for propagation of the inflammatory response. Fas-FasL signaling may also indirectly be contributing to neuronal damage by inducing Fas-induced apoptosis-resistant astrocytes to produce proinflammatory cytokines that damage neurons [114] . In the intranigral AAV-human-α-synuclein overexpression mouse model, B and T lymphocyte infiltration in the SN persists after peak of microglial activation suggesting that adaptive immune cells propagate inflammation in this model as well [45] . One study with MPTP gives a potential model of adaptive immune engagement where nitrated α-synuclein drains from the CNS into cervical lymph nodes. Robust T cell responses were initiated when mice were immunized with the C-terminus of the nitrated α-synuclein. Transfer of T cells from immunized mice into MPTP-treated mice enhanced neuroinflammation to a slight but significant degree [115] . T cells from mice immunized with nitrated α-synuclein produced mostly IL-17 and TNFα after ex vivo restimulation. Adoptive transfer of Th17-polarized T cells from nitrated α-synucleinimmunized mice into wild-type mice greatly exacerbated MPTP-induced neurodegeneration. Neurodegeneration was not exacerbated by adoptive transfer of T cells polarized to Th1 (IFNγ-producing) or Th2 (IL-4-producing) phenotypes. Adoptive transfer of ex vivo differentiated regulatory T cells into MPTP-induced mice attenuated neurodegeneration [67] . The novelty of this study is that it demonstrates that modulation of the adaptive immune response can indeed determine the outcome of neurodegeneration in a model of PD. Given this evidence, T cell responses to modified α-synuclein or other modified antigens from DA neurons could initiate an adaptive immune response that propagates neuronal death. These responses would differ based on the context of antigen presentation by innate immune cells. Various etiologies could allow for the adaptive immune system to be exposed to modified α-synuclein (i.e. toxins) or increased escape of CNS antigen (i.e. head trauma). These mechanisms would break normal tolerance mechanisms by presenting self-antigens that are cross-reactive with cognate peptide:MHC of existing memory T cells. These antigens could also activate naive T cells by presenting self-antigens for which T cells are not normally negatively selected against or tolerized to in the context of an inflammatory response. Further studies to identify specific antigens that T cells respond in animal models and humans will be critical to understanding the role of the adaptive immune system in pathogenesis of PD.
Adaptive Immunity (II): Antibodies and B Lymphocytes in PD
B lymphocytes are the antibody-secreting cells of the immune system. They are the key mediators of humoral immunity in that their secreted immunoglobulins can have effects at sites far from the actual site of secretion [25] . Unique antibodies, as well as increased antibody levels against CNS proteins are present in people with PD [116, 117] . However, infiltration of antibody-producing B lymphocytes into the CNS has not been not reported in brains of PD patients [55, 72, 73] . While infiltration of B lymphocytes is present under some inflammatory conditions, the aggregation of antibodies at a specific site is enough to promote inflammation. Antibodies can precipitate inflammatory reactions through activation of the complement system or effector cells through surface immunoglobulin receptors. B cells can be activated to secrete antibody upon engagement of their surface immunoglobulin receptor in the context of inflammatory cytokines from innate immune cells or direct recognition of stimuli through pattern recognition receptors. These lymphocytes also can reengineer the antibodies they secrete through a process called affinity maturation that occurs in secondary lymphoid organs such as the spleen or lymph nodes. Particularly for PD, there is some evidence that the meninges can act as a secondary lymphoid organ [118, 119] . Affinity maturation is mediated by activated T cells and occurs through interactions between the T cell receptor and peptide-MHC-II on the surface of the B cell. B cells that have undergone affinity maturation produce antibodies of higher affinity to their target and can become memory cells that are long-lived [25] . B cells in this manner have a unique niche in the adaptive immune system that depends heavily on signals from innate immune cells and CD4 T cells.
A decrease in the number of peripheral blood B cells in PD patients has been reported but the significance of this finding needs to be contextualized [101, 102] . Reduced peripheral blood B cell counts in other autoimmune or inflammatory diseases are due to decreased circulating memory B cells. This reduction in B cell number may be related to active inflammation and cellular activation [120] [121] [122] . Increased study is needed to understand the role for B cells in PD outside of their antibody-secreting functions discussed below.
Antibodies against DA neurons have been identified in PD patients that are not present to the same extent in healthy people [116, 117, 123, 124] . At present, the lack of a universal antibody or "PD"-specific antigen refutes an etiologic role for B cells and antibodies but does not rule out either a pathogenic or a protective role for B cells in modulating inflammation in PD. It is also possible that a universal antibody or antigen in PD does not exist because no single antigen is required for disease induction. On the other hand, we may not able to identify one because we only assess antibody production at a late stage of disease. Within human PD brain sections, immunoglobulins are found to colocalize with pigmented DA neurons in close proximity to FcγR+ microglia. The number of IgG+ neurons positively correlated with the number of MHCII+ microglia suggesting a link between antibody-mediated destruction of neurons and antigen presentation. Further supporting this link, these microglia contain pigmented granules suggesting antibody-mediated phagocytosis of pigmented DA neurons [125] . A pathogenic role for anti-neuronal antibodies in PD is further supported by a study using immunoglobulins from PD patients in a rat model. These immunoglobulins were injected into the SN of rats resulting in a loss of TH+ neurons while acetylcholinesterase-positive neurons in the medial septal region were spared [126] . These immunoglobulins induced perivascular inflammation, microgliosis, and loss of TH+ neurons in the SN that was dependent on expression of the Fcγ receptor [127] . Similarly, Fcγ receptor knockout mice are resistant to chronic but not acute MPTP administration [112] . One caveat to these results is that the deletion of Fcγ receptor knockout mice are resistant to chronic but not acute MPTP administration [112] . One caveat to these results is that the deletion of Fcγ receptor in mouse models impacts numerous cell types (monocytes, microglia, neutrophils, basophils, mast cells, NK cells) and reduces the ability to respond to cellular bound IgG through multiple mechanisms. These mice are also resistant to neurodegeneration and microglial activation induced by AAV-induced intranigral expression of human wild type α-synuclein [128] . The AAV-α-synuclein model also leads to significant IgG deposition, suggesting that humoral immunity and/or breakdown of the BBB is playing a role [45] . These findings suggest that with DA neuron injury, the humoral arm of the immune system can play a role in chronic neuroinflammation.
Given the chronic inflammatory nature of PD, humoral immunity could play an important role in the progression of PD while T cell immunity may be more important for disease onset. Intuitively, this idea makes sense because CD4 T cell activation is essential for potent engagement of humoral immunity. In contrast, antibodies may also play a protective role. The use of a mouse antibody against α-synuclein showed that microglia can take up antibody-bound α-synuclein in vivo and prevent neuron to astrocyte transmission of αsynuclein [129] . It is unknown whether this phenomenon can happen in the PD brain but it raises the distinct possibility that certain sets of antibodies could play a protective role. Pathogenic antibodies could promote inflammatory reactions or propagate α-synuclein spread through uptake by Fc receptor-expressing cells. Other antibodies may be protective by aiding in clearance of α-synuclein aggregates.
There have been a few attempts to use antibodies as biomarkers for PD. One study found decreased levels of anti-α-synuclein antibodies in PD patients but not in controls or patients with other neurodegenerative conditions with sensitivity and specificity of 85 and 25%, respectively. These antibodies did not correlate with age, duration of disease, or Hoehn and Yahr staging [116] . The presence of a-synuclein antibodies may hint at pathologic mechanisms but are not specific enough to be used diagnostically. Another study demonstrates the ability to use 10 autoantibody biomarkers to differentiate PD from normal aging, Alzheimer's disease, breast cancer, and multiple sclerosis with accuracies over 85% [117] . Another report describes that in people with sporadic PD, the frequency of those with anti-α-synuclein antibodies is not significantly different from healthy controls. However, around 90% of people with familial PD have these antibodies. The authors suggest that the antibodies in familial PD may represent more pathogenic epitopes rather than incidental ones [124] . Studies using antibodies from patients at earlier stages of disease will likely give more insight into the role of antibodies in PD pathogenesis. Such antibodies are less likely to be incidental from the release of CNS antigens as inflammation propagates in disease.
Genetic Mutations in PD and Adaptive Immunity
Many of the genetic causes of familial PD have been identified [130, 131] (Table 2 ). Most genetic mutations cause early-onset forms of PD. It is generally believed that genetic and sporadic forms of the disease are likely to share common mechanisms. The study of these genetic mutations has provided insight into how perturbation of certain pathways may contribute to the development of sporadic PD. The majority of research efforts to date have investigated the pathogenic roles of these mutations in neurons. Some of these proteins have shown to be involved in the function of immune cells and may contribute to nonautonomous cell death of neurons. Dysfunction of these proteins in both neurons and immune cells would allow for synergy of inflammatory and neuronal death mechanisms that promote the development and/or progression of PD.
The first identified mutation to cause PD was in the SNCA gene, which encodes α-synuclein. Since then, polymorphisms in the promoter region that cause increased expression of αsynuclein have also been identified [9, 132] . Signs of synergy between inflammation and αsynuclein-induced degeneration have been observed in numerous cell culture and animal model studies as discussed previously. This synergy is likely to have important consequences in the brains of humans affected with PD. But it should be noted that SNCA and therefore the α-synuclein protein (as are most of the genes implicated in familial forms of PD) is actually expressed in a wide variety of immune cells including T cells, B cells, NK cells, microglia, and monocytes [133] [134] [135] [136] . In microglia, α-synuclein has been shown to have a homeostatic role. Microglia from mice lacking SNCA have a more activated phenotype in terms of morphology and cytokine secretion in addition to decreased phagocytic ability [136, 137] . The level of α-synuclein protein increases after LPS stimulation of monocytes and lymphocytes [138] , suggesting it may have some regulatory role in inflammatory responses. CD4 T cells from people with the autoimmune disorder systemic lupus erythematosus have a 5-fold increase in α-synuclein expression that correlates with higher basal levels of autophagy [139] . Authophagy plays a critical role in maintenance, activation, and proliferation of T cells [140] . Therefore, changes in immune cell levels of α-synuclein could modulate cellular function via mechanisms such as altered autophagy. This last point may be especially relevant as altered number or frequency of T and B cells have been reported in PD patients. In mice expressing human wild type αsynuclein under the Thy1 promoter, frequencies of CD4 and CD8 T cells are increased in the peripheral blood [46] . α-synuclein is also over-expressed in the T cells of these mice, thus the role of this protein in immune cells versus neurons will need to be evaluated in greater depth. It is unknown whether the inflammatory phenotype is attributed to primary deficits in immune cells over-expressing α-synuclein versus to secondary activation of immune cells as a result of over-expression of α-synuclein in neurons and neuronal dysfunction. The critical point here is that the functional significance of mutations or polymorphisms in α-synuclein in immune cells has been understudied. In addition, perturbations in the levels of α-synuclein by various stimuli, such as LPS, in the context of genetic polymorphisms inherent in immune gene loci could lead to immune dysfunction in those individuals that may synergize with and exacerbate neuronal dysfunction.
Mutations in LRRK2 (PARK8), a gene encoding a MAPK-kinase-kinase, GTPase, and ankyrin domain-containing protein, cause an autosomal dominant form of PD with a clinical presentation and age of onset similar to sporadic PD [141] . The incomplete penetrance (estimated at 33-67%) of these mutations also suggests a strong environmental and/or immune component that modifies disease onset [142, 143] . Genetic variants in this gene have also been associated with increased susceptibility for sporadic PD [85, 144] . Initial studies looking at LRRK2 function and expression in neurons demonstrate that its expression is low in the SN and greater in areas of the brain that receive dopamine signals [145] [146] [147] [148] . In vitro and targeted in vivo overexpression of mutant LRRK2 induces neurotoxicity in a kinase-and GTPase-dependent manner [149] [150] [151] [152] [153] . However, germ-line mutant LRRK2 transgenic mice do not completely replicate PD-like phenotypes or show spontaneous DA neuron degeneration [154] [155] [156] [157] . However, these mouse models do show behavioral alterations and impaired dopamine release in the nigrostriatal system. Indeed, perturbations in LRRK2 function alone may not be sufficient to induce PD-like pathology, but may require a second insult such as inflammation.
Interestingly, LRRK2 expression occurs in many immune cells: monocytes, microglia, B cells, and T cells [158, 159] ; yet the role of LRRK2 in various immune cell populations has only received attention in recent years. The level of expression in many immune cell subsets is significantly greater than in neuronal populations [160] . Mouse bone marrow-derived macrophages (BMDMs) significantly upregulate LRRK2 mRNA expression after stimulation with LPS and lentiviral particles. BMDMs from R144C-LRRK2 mutant mice have reduced LC3-II expression, a marker of autophagy [158] . IFNγ stimulation of immune cells results in upregulation of LRRK2 expression, which was shown to activate the NF-κB pathway, to be important for production of microbicidal reactive oxygen species during phagocytosis, and to colocalize near pathogens during intracellular infection [160] . In microglia, LRRK2 expression can be detected upon in vivo activation with LPS and is upregulated by ex vivo LPS treatment. Furthermore, LRRK2 inhibition and knockdown in microglia attenuated LPS-induced inflammatory signaling as measured by cytokine secretion, microglial chemotaxis, and morphologic remodeling [161] . Polymorphisms in LRRK2 are also associated with leprosy and Crohn's disease [162, 163] . In fact, increased LRRK2 expression is found in the epithelium of Crohn's disease patients in many cell types including macrophages, dendritic cells, and B lymphocytes [160] . LRRK2-/-mice are more susceptible to dextran sodium sulfate-induced colitis [164] . Interestingly for adaptive immunity, LRRK2 inhibits the nuclear translocation of NFAT, a master regulator of transcriptional activation in T cells [164] . Overall, it is clear that LRRK2 is involved in regulating the activation status and effector functions in multiple kinds of immune cells. In summary, the role of pathogenic LRRK2 mutations in various LRRK2 domains needs to be further studied in the immune system.
Loss of function mutations and deletions in the Parkin (PARK2) gene cause autosomal recessive forms of juvenile PD [165] . The Parkin gene encodes a multidomain protein that contains E3 ubiquitin ligase activity that plays a role in the regulation of numerous cellular activities including proteasomal degradation and ubiquitin-mediated signaling. Parkin's physiologic substrates are unknown [166] . Potential roles for this protein are in preventing protein aggregation and/or promoting mitophagy [167] [168] [169] . Parkin has also been suggested to function as a transcription factor, regulating p53 expression [170] independent of its ligase activity. Parkin knockout animals do not have loss of DA neurons in the SN and do not have increased vulnerability to MPTP, yet they do show non-motor behavioral changes related to changes in the nigrostriatal pathway [171, 172] . This phenotype suggests compensatory changes in the global Parkin knockout animal that prevent death of DA neurons or that a second insult is required in conjunction with lack of Parkin expression. However, Parkin-deficient animals have interesting inflammation-related phenotypes, suggesting that inflammatory stimuli could be this secondary insult. Chronic peripheral low dose LPS intraperitoneal administration in Parkin-/-mice triggers fine-motor deficits and loss of DA neurons in the SN [173] . In microglia, neurons, and peripheral macrophages, LPS or TNFα stimulation transiently reduces Parkin expression in a dose-dependent manner. This decrease was found to be due to a NF-kB signaling response element in the Parkin promoter. Thus, chronic inflammation may down regulate Parkin and phenocopy loss of function Parkin mutations [174] . Interestingly, Parkin has also been implicated as a susceptibility locus for leprosy and typhoid fever [175, 176] . Furthermore, genetic loss of Parkin in mice and Drosophila models has been shown to increase susceptibility to infection. This effect on immune function was shown to be related to Parkin's role in autophagy [177] . The role of Parkin in inflammation and immune cells needs to be more thoroughly evaluated. Current evidence demonstrates that inflammation regulates Parkin expression and that Parkin is involved in PD-implicated pathways in neurons.
Identification of the role of proteins in which pathogenic mutations cause genetic forms of PD will be critical in identifying pathogenic processes. Much research has focused on the role of these proteins in neurons and CNS pathways despite their expression in many other cell types. Immune cells in particular are poised to interact with the environment and respond in a coordinated manner. In genetic forms of PD, dysfunction of these proteins could propagate and promote neuronal dysfunction. In sporadic PD, the way in which these proteins are altered by environmental factors in immune cells could then allow these cells to modify neuronal function and promote the development of PD. Further study of these proteins in immune cells is well-justified.
Immunomodulatory Therapies in PD
Given the chronic, progressive nature of PD and the large amount of neurodegeneration that has already occurred before clinical presentation, it is unlikely that disease-modifying therapies will have a significant impact in altering the course of disease. Preclinical diagnosis and timely treatment will be necessary to significantly impact disease. Nevertheless, because intense investigation into biomarkers of early disease is in progress, it is critical that we continue identifying immunomodulatory therapies that could be translated to the clinic. To this end, there are a few therapies that target immune pathways have shown therapeutic benefit in animal models of PD.
One such example is that adoptive transfer of T cells from a copaxone-immunized animal showed protection against neurodegeneration in an MPTP model [178] . Copaxone, also known as glatiramer acetate, is used in the treatment of multiple sclerosis. It is a random polymer of amino acids from myelin basic protein. This mixture is thought to mimic the antigenic properties of myelin basic protein but alter the T cell response to a more antiinflammatory phenotype [179] . This study suggests that T cell skewing to dampen the adaptive immune response could potentially have a disease-modifying effect. The adoptively transferred T cells accumulate in the SN, suppress microglial activation, and are correlated with an increase in neurotrophic factors [180] . Adoptive transfer of Tregs also attenuated neurodegeneration in an MPTP model [67] . Decreased effectiveness of regulatory T cells in their suppressive capacities and changes in the T cell compartment suggest that correcting phenotypic T cell changes in PD patients may provide a beneficial disease-modifying effect [104] . Indeed, Howard Gendelman is initiating a clinical trial to assess the efficacy of Sargramostim, a granulocyte-monocyte colony stimulating factor analog thought to promote the development of Tregs, in the treatment of PD. If successful, this trial could demonstrate the usefulness of immunomodulatory therapies in treating this disease [181] .
The use of a dominant-negative inhibitor of TNFα (DN-TNF) in PD animal models suggests that anti-TNF biological agents may also be of clinical value to delay or attenuate nigral DA neuron degeneration. Administration of soluble DN-TNF via osmotic pump or lentiviral overexpression in the SN shows protection in 6-OHDA models [182, 183] . Even delayed lentiviral overexpression of DN-TNF in the SN can be protective against progressive DA neuron loss [184] . As a way to dampen overall levels of inflammation, anti-TNF biological tools could be of therapeutic value.
Passive immunization in animal models with anti-α-synuclein antibodies have also been investigated as a potential mechanism for clearing accumulations of α-synuclein. In mice expressing human α-synuclein under the platelet-derived growth factor β promoter, administration of an anti-α-synuclein antibody improves behavioral performance and promoted degradation of accumulated α-synuclein [185, 186] . Clearance of α-synuclein is thought to occur via uptake through Fc-receptor expressing cells such as microglia. Whether clearance of α-synuclein-containing Lewy bodies would ameliorate PD symptoms, is an important question in order to pursue such a therapy. These observations will need to be replicated using other human α-synuclein overexpression models independently to confirm the promising potential of synuclein immunotherapy.
Given some of the pathogenic contributions of adaptive immunity in PD described in this review, a few other strategies could potentially be used. These therapeutics would need validation or testing in animal models of PD. Therapies that block T cell proliferation may be useful in modifying progression or onset of PD. Such therapeutics could include corticosteroids, colchicine, or peripheral T-cell depleting antibodies such as muromonab-CD3. Colchicine blocks mitosis and thereby preventing the proliferation of rapidly dividing cells such as activated immune cells. Other alternatives or modifications of this drug may be needed as there are significant gastrointestinal side effects. In a rotenone rat PD model, colchicine showed benefit in preventing neurodegeneration [187] . Muronomab initially activates CD3+ T cells but then these activated cells die. This antibody is currently used in treatment of transplant rejection [188] .
A second avenue is the use of drugs that block T cell activation or recruitment. Abatacept and belatacept block the interaction between CD28 on T cells with CD80/CD86 molecules on antigen presenting cells [188, 189] . These drugs have been used in transplant rejection and rheumatoid arthritis with great success. Given the documented changes in activated and memory T cell subsets in people with PD, these drugs could have therapeutic success in limiting development of such T cell populations. The drug, natalizumab has been successful in the treatment of multiple sclerosis [190] . As an antibody against the α4 integrin, this antibody blocks the recruitment of T cells to sites of inflammation. By blocking activation and recruitment of T cells in PD, neuroinflammation could be dampened to prevent subsequent neurodegeneration.
Ex vivo modification of autologous T cells to make them produce anti-inflammatory molecules or have them target effector T cells that are pathogenic in PD might also be another useful therapeutic approach. This approach would require identification of pathogenic T cell populations or the relevant antigens to which pathogenic T cells in PD respond. Such technologies are currently being explored in harnessing immune responses against cancer [191] .
Therapies to target humoral immunity do exist. Rituximab is an example of a B cell depleting antibody that has shown some effectiveness in autoimmune diseases where antibodies are known to play a pathogenic role [192] . Intravenous immunoglobulin (IVIG) has been effective in treating diseases that are mediated by pathogenic antibody responses such as erythroblastosis fetalis, autoimmune thrombocytopenia, and chronic inflammatory demyelinating polyneuropathy. IVIG is thought to block proinflammatory antibodymediated responses through many pathways including modulating Fc-receptor expression, expansion of T regs , and blocking activating Fc-receptors [193] . IVIG is generally well tolerated with less than 5% of people experiencing headache, fever, or nausea. In a recent Phase III trial by Baxter, IVIG did not show efficacy in the treatment of mild to moderate Alzheimer's disease that may not reflect on its potential in PD since underlying pathogenic mechanisms are different. However, this study demonstrated that IVIG was safe in the elderly with neurodegenerative disease. Thus, IVIG could be a safe immunomodulatory therapy potentially useable for PD.
As with any immunomodulatory therapy, immunosuppression or off-target effects are of great concern, especially in an elderly population that is at increased susceptibility to infections. But as learned in the transplant field, timing of these and any other therapeutic intervention is also critical [188] . Use of these therapeutics at the time where inflammation is beginning or is primed could have significant impact on the course of disease while having minimal effects much later in disease. Further understanding of the role of the adaptive immune system will help determine which avenues of immunomodulatory therapies are most likely to be effective.
Conclusions
The coordinated role of the innate and adaptive immune systems in the pathogenesis and pathophysiology of PD is becoming more clearly understood (Fig 4) . The adaptive immune system normally responds to specific pathogens or antigens and has various effector mechanisms to clear them, i.e. direct cytotoxicity, cytokine production, and antibody production. The adaptive immune system must receive the appropriate signals from innate immune cells to be activated in order to respond to specific antigens as recognized by specific, unique receptors. T cells recognize peptides presented on MHC molecules while B cells recognize antigens through their cell surface receptors. Abundant evidence exists for the role of inflammation in human PD as well as propagating neurodegeneration in animal models. Further investigation in delineating a role for the adaptive immune system in PD pathology and the specific peptides that are being presented is required. Environmental and genetic factors synergize to create susceptibility to PD. It remains to be seen whether these factors create susceptibility primarily through inducing neuronal dysfunction or through direct activation of the immune system that then propagates neuronal dysfunction (Fig 4) . Regardless, activation of the innate immune system to present antigens to the adaptive immune system could further precipitate neuronal dysfunction in a specific manner, i.e. from antigens derived from DA neurons. Modification of these antigens by inflammation and environmental factors may allow for an adaptive immune response in bypassing normal tolerance mechanisms. Nitrated α-synuclein is one potential antigen in this case. From the initiation site of this inflammation by the innate immune system, a chronic adaptive immune reaction could spread neuronal damage and dysfunction to other CNS pathways implicated in sporadic PD. The adaptive immune system may prove to be the missing link between environment, genetics, and the spread of pathology put forth by the Braak hypothesis.
In this review, the evidence for activation of the adaptive immune system in human PD has been presented, as well as how effector functions of adaptive immune cells damage DA neurons in animal models. Certain immune functions of genes known to be mutated in genetic forms of PD have also been presented. Taken together, exciting clues for an unrecognized role of the adaptive immune system exist but much work remains to be done. Closer examination of this system may provide a paradigm-shifting understanding of PD as well as an opportunity for identification of biomarkers and disease-modifying therapies.
Fig 1. The Braak Hypothesis proposes a pattern for progression of disease pathology
Pathology initiates in the periphery and progresses into the CNS via the vagus nerve and/or olfactory nerve in a predictable, progressive manner. Numbers indicate proposed sequence of progression into various brain regions.
Fig 2. Biosynthesis of peptide-MHC complexes
MHC-II peptides are derived from endocytosed antigens while MHC-I proteins are derived from proteasome-processed cytosolic proteins. MHC-II presents peptides to CD4 T cells while MHC-I presents peptides to CD8 T cells.
Fig 3. Model of MHCII mediated antigen presentation to CD4 T cells
Antigen (potentially α-synuclein) from the CNS is presented by either HLA-DR or -DQ molecules in secondary lymphoid tissues to activate and differentiate CD4 T cells. Failure to induce the appropriate regulatory (Treg) or effector (Teff) T cells could contribute to dopaminergic neurondegeneration in PD. Environmental/genetic factors may initiate 1) neuronal dysfunction or 2) activation of microglia and/or other innate immune mechanisms which would amplify one another. Antigen presentation by microglia would activate T cells which in turn would activate B cells to produce antibodies. Continued release and presentation of antigens from dying neurons or modified antigens would allow for propagation of a specific, chronic inflammatory response mediated by the adaptive immune system towards the neurons that degenerate in PD. 
